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THEORETICAL BOUNDARIES AND
INTERNAL CHARACTERISTICS OF EXHAUST PLUMES FROM
THREE DIFFERENT SUPERSONIC NOZZLES

By Earl H. Andrews, Jr., Allen R. Vick,
and Charlotte B. Craidon
Langley Research Center

SUMMARY

Theoretical exhaust-plume calculations for nozzles exhausting into guies-
cent air have been performed to obtain exhaust-plume boundaries and internal
characteristics within rocket exhaust plumes. The calculations were performed
for three different supersonic nozzles over a range of ratios of nozzle-exit
pressure to ambient pressure from approximately 10 to 10°. Also included is a
general study of exhaust-plume effects on a typical spacecraft which suggests
several possible problem areas requiring further considerations.

The results from the theoretical calculations glve exhaust-plume contours
out to the maximum plume diameter and the internal characteristics within the
plumes for the three different nozzles. The internal characteristics of the
exhaust plumes include Mach number, density, and temperature, which are pre-
sented in the form of plume internal contour mappings.

INTRODUCTION

The operation of rocket motors at high altitudes and near-vacuum condi-
tions results in a severely underexpanded flow of exhaust gases at the nozzle
exit. The nozzle exhaust gases create large billowing exhaust plumes which
are of concern (refs. 1 and 2). The areas of concern include the interference
of the exhaust plume with the vehicle-to-ground radio-frequency communication
signals, the impingement of exhaust gases upon adjacent surfaces with attendant
heating and pressure loads, and the reverse-flow effects at the center of a
cluster of nozzles. Considerable research is in progress to obtain further
understanding of these problem areas with the purpose of preventing or accu-
rately predicting their effects. (See, for example, refs. 3 to 8.)

A knowledge of the internal aerodynamic characteristics of exhaust plumes
will assist in the prediction of: (1) plume impingement upon adjacent surfaces
and other plumes; (2) the approximation of the magnitude of impingement forces
upon adjacent surfaces by use of Newtonian flow theory (ref. 9); and (3) may
simplify the prediction of the time of occurrence and the magnitude of signal



attenuation caused by the plume interfering with the vehicle-to-ground communi-
cation signals. The attenuation occurs when the nozzle exhaust plume becomes
large enough to intercept the line of sight between the vehicle antenna and the
ground tracking station.

The work reported herein was initiated to provide theoretical exhaust-
plume characteristics which could be used in studles of exhaust-plume impinge-
ment and attenuation of radio-frequency signals passing through exhaust plumes.
Theoretical calculatlons have been performed for three different supersonic
nozzles: a circular-arc-expansion nozzle of high exit Mach number that is typi-
cal of a nozzle designed for space operations, and two conical-expansion noz-
zles of a lower exit Mach number suitable for lower-altitude operation. The
calculations were performed with a computer program using the method of charac-
teristics presented in reference 1 for a range of ratios of nozzle-exit pres-
sure to amblent pressure from approximately 10 to 106. Internal-plume contour
mappings of Mach number, density, and temperature for several values of the
ratio of nozzle-exit pressure to ambient pressure were obtained by machine
plotting. An interpolating computer program, which is presented in the appen-
dix, produces the machine-plotting input from the results of the program for
the method of characteristlcs. The method-of-characteristics program assumes a
perfect gas exhausting into a quiescent medium and an isentropic flow through-
out the exhaust plume. The lsentroplc-flow assumption is valid in the region
of flow bounded by the internal shock of the plume and first Mach disk; how-
ever, slight errors are involved in the computations for the region from the
internal shock out to the plume boundary. The assumption of a quiescent medium
and isentropic flow greatly reduces the complexities and computation time of
this computer program.

Also presented is a brief study of exhaust-plume effects on a typical
spacecraft in order to determine whether possible problem areas exist which may
require further consideration. The study was conducted on problems categorized
in the following groups: exhaust-gas impingement, backflow of exhaust gases,
and signal attenuation of the transmitting and receiving antennas.

SYMBOLS
M Mach number
MJ nozzle-exit Mach number
pj nozzle-exit static pressure
Py nozzle total pressure
Py ambient pressure
T perpendicular distance from jet axis
rJ nozzle-exit radius




T temperature
b 4 distance downstream from nozzle-exit plane

On initial turning angle, measured between nozzle axls and tangent to
Jjet boundary at nozzle 1lip

4 ratio of specific heats

o} density

On nozzle half-angle

u Mach angle

Kn Mach angle corresponding to Mj

Vn Prandtl-Meyer expansion angle for nozzle-exit Mach number
vy Prandtl-Meyer expansion angle for Jjet-boundary Mach number
Subscripts:

max maximum

t total or stagnation

MODELS AND ANALYTICAL PROCEDURE

The analytical investigation reported herein incorporates results from
three supersonic nozzles. One nozzle is of a circular-arc design, and the
other two are of a conical-nozzle design. (See fig. 1.) The nozzles are
designated Nozzles I, II, and IIT as shown in figure 1. These nozzles are
typical of those used for launch vehicles (nozzles II and ITI) and for space-
craft (nozzle I). Nozzles I and III are also representative of nozzles
designed to obtain from ground tests attenuation measurements of radio-
frequency signals passing through the nozzle-exhaust plume. The nozzle geome-
tries are shown iIn the sketches of figure 1 and the conditions used in the
theoretical computations are given in table I.

The method of characteristics as applied in the determination of a nozzle
exhaust-plume boundary and the internal characteristic network of the plume
requires that the point values of the nozzle leading characteristic line and
corner-expansion fan be known. (See refs. 1 and 10.) The type of calculations
performed to obtain the leading characteristic line and corner expansion fan
was dlctated by the nozzle geometries and operating conditions. That is, the
leading-characteristic-line calculations are dependent upon nozzle values of
MJ, 8, and 7, and the corner-expansion-fan calculations require that 6y,

Mps 7, and the p corresponding to the nozzle-total-pressure ratio pt/p°° be
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known. For very small nozzles, viscous effects in the nozzle may influence the
parameters at the exit (ref. 1); however, for the nozzles investigated herein,
nozzle flow was assumed to be inviscid. The leading-characteristic-line and
the corner-expansion-fan calculations are performed by means of brief digital
computer programs whose output cards are the input data cards for a method-of-
characteristics FORTRAN computer program (ref. 1) for determining the charac-
teristic mesh of an exhaust plume. The programs and descriptive procedures are
presented in the appendixes of reference 1.

The altitude range for each nozzle for which calculations have been made
is presented in figure 2 as a function of the ratio of nozzle-exlt pressure to
ambient pressure (pj/gw). The curves shown span the range of ambient pressures

that may be obtained in the 60-foot-diameter vacuum sphere at the Langley
Research Center. Nozzle I is representative of a design suitable for operation
at the much higher pressure ratlos of a space environment.

RESULTS AND DISCUSSION

Theoretical Calculations

Jet plume boundaries for nozzle exhausts expanding into quiescent air have
been computed by use of the FORTRAN program presented in reference 1 which
incorporates the method of characteristics using three-dimensional irrotational
equations of flow. The characteristic network calculations yield the boundary
coordinates and several additional internal-flow parameters, one of which is
the local Mach number. From the local Mach number and the assumption that the
ratio of specific heats (7) is constant throughout the plume, other flow condi-
tions such as local density and temperature ratios may be obtained. In order
to plot contours of constant Mach number and/or other parameters, it is neces-
sary to interpolate between consecutive points in the characteristic net. For
this reason a program has been set up to have this step performed by the
IBM 7090 electronic data processing system yielding punch cards of the output
which can be used directly in machine plotting. This program, written in
FORTRAN II language, is included in the appendix.

General details of exhaust plumes and the nomenclature used in identifying
this material are shown in figure 3. There is little distinction between the
identifying characteristics of exhaust plumes from either a conical or con-
toured nozzle other than the leading characteristic line (1abe1ed L.C.), which
is curved for a conical nozzle and straight for a contoured nozzle. A
thorough discussion of these differences may be found in references 1 and 10.
The results of the present computations, including free-jet boundaries and
internal characteristics of the plume, are presented in figures 4 to 12 and are
discussed in the following paragraphs.

Initial turning angle.- As any space-directed vehlcle increases in alti-
tude the decreasing ambient pressure results in an increasing ratio of nozzle-
exit pressure to ambient pressure and, likewise, an increase In the amount of
expansion of the exhaust gases upon emission from the nozzle. Other factors
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affecting free-Jjet expansion are

Mj nozzle-exit Mach number

8n nozzle half-angle

7 ratio of specific heats

pj nozzle-exit static pressure
j ambient pressure

These factors, determined by nozzle design and conditions in the combustion
chamber, affect the expansion as shown in the foliowing sketch:

where
%:Vl—vn'l‘en (l)
and
vl Prandtl-Meyer expansion angle for jet-boundary Mach number
Vi Prandtl-Meyer expansion angle for nozzle-exit Mach number

A more thorough discussion of this phase of free-Jjet expansion is presented in
reference 1.

The boundary initial-turning angle at the nozzle 1lip ap 1s presented in
figure 4 as a function of the pressure ratio for each of the three different
nozzles. The end points on the curves indicate the maximum pressure ratio for
which theoretical boundaries have been computed and are indicative of turning
angles that might be achieved during ground tests in large vacuum facilities.
The curves for nozzles II and IIT also indicate a range of o, which spans

the pressure ratios over which these nozzles might operate. Nozzle I, however,
designed for operation in the near-vacuum conditions of outer space will attain
a smaller turning angle which approaches the maximum value of ap for this

configuration (approximately 81.5°). The maximum value of a, for operation
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in a near-perfect vacuum for each of the nozzles is indicated on the right-
hand ordinate of figure L.

A comparison of the values of ap for nozzle I with those for nozzles II1
and III at a given pressure ratio illustrates the effects of Mj, 7, and Op

on the initial turning angle. For a given nozzle the effect of 6, is a con-
stant factor regardless of the operating pressure ratio pj/pm, Mj, or 7.

(Ssee eq. (1).) A more concrete illustration of these effects is obtained by
comparing the values of a, for nozzles I and III at Pj/Em = 102. The dif-

ference between the two values of a, is 54.2°, of which the 6p accounts for

36 percent, the Mach number at the nozzle exit accounts for 44.8 percent, and
the 7 accounts for 19.2 percent. The figure indicates that either high Mach
number nozzles or reflex nozzles {or both) are desirable to obtain low an
values. However, consideration must be given to the weight penalty resulting
from increase in nozzle thrust and other improvements in the operational charac-
teristics when high Mach number nozzles and/or reflex nozzles are utilized.

Plume boundary contours.- Results of the calculations of Jjet plume bound-
aries are shown in figure 5 in which coordinates of the boundaries are pre-
sented in the nondimensional form x/rj and r/rj. Computations were made for

several pressure ratios pj/p°° to obtain a reasonably complete coverage of the

range of pressure ratios shown in table I and figure 2. These jet plumes become
extremely large as is evidenced by the maximum boundary coordinates at the
highest computed pressure ratios; r/rj = 900 and x/rj = 3.7 X 105 for noz-

zle I at Pj/R» = 120.700 x 102 (fig. 5(a)); r/rj = 192 and x/rj = 4ok  for
nozzle II at Pj/Rm = 5.0 x 107 (fig. 5(c)); and r/rj = 7.5 x 103 and
x/ry =19.34 x 103 for nozzle IIT at p;/p, = 2.38 X 106 (fig. 5(e)). Fur-

ther evidence of the enormous size of exhaust plumes in an actual space environ-
ment is illustrated by the photographs shown in reference 1l. Since primary
interest in jet plumes is centered around the regions near the nozzle exit, the
initial portions of the boundaries are shown by means of an expanded scale for
the three different nozzles in figures 5(b), 5(d), and 5(f).

Construction of additional Jjet-boundary contours at any intermediate pres-
sure ratio may be obtalned by using figure 6 for any one of the three nozzles.
This figure was constructed by plotting the results of figure 5 at constant
values of x/rj. All curves of constant x/rj are noted to fair asymptotic-

ally into a single curve which 1s defined as the locus of points representing
the variation of the maximum plume radius (r/rj)max with pressure ratio.

Also shown in this figure is the corresponding downstream location (x/rj)max

at which the maximum plume radius occurs. The essentially linear variation,
on logarithmic paper, of the maximum boundary size with pressure ratio permits
reasonably accurate extrapolations to much higher pressure ratios. The symbols




plotted in figure 6 indicate the pressure ratios for which theoretical calcu-
lations were performed. The results shown in figures 6(b) and 6(c) are simi-
lar to those of reference 1 in that the turning angle at the nozzle lip
exceeded 90°. For nozzles IT and IIT the turning angle reaches 90° at

Pj/Rm =1.13 X 10> and Pj/Rm = 2.275 x 103, respectively.

Internal Mach number distribution.- The center-line Mach number distribu-
tions withln the exhaust plume are shown in figure 7 as a function of distance
downstream of the nozzle exit. The point designated L.C. represents the point
of intersection of the leading characteristic line with the nozzle axial center
line. The ticks on the curves indicate the center-line Mach number at the down-
stream location of the maximum plume diameter corresponding to the indicated
pressure ratios. Since the Mach number distributions were obtained from the
characteristic-network computations with isentroplic flow assumed, the static
pressure distribution may be determined directly from the nozzle total pressure
and center-line Mach numbers up to the location of the first normal shock. The
method-of-characteristic program that was used to obtain the theoretical plume
characteristics had no provisions for calculating the location of the first
normal shock; however, a prediction of this shock may be obtained from refer-
ences 12 to 14. The approximate method of reference 12, for example, indicates
the occurrence of a normal shock when the static pressure behind the shock is
equal to the ambient pressure; this method was found to produce good agreement
with experimental data for the MJ = 1.0 nozzle of reference 1.

The plume internal characteristics obtained from the theoretical computa-
tions are presented in the form of internal mappings of constant Mach number
contours within the plume. This mapping in turn permits a direct construction
of contours of constant density and tewperature ratios by use of well-known
density- and temperature-ratio equations expressed in terms of specific heats
and Mach number. (See eqs. (45) and (43), respectively, of ref. 15.) The Mach
number contours are presented in figures 8, 9, and 10 for the three different
nozzles. The outside curve in each figure represents the jet-plume boundary
which is a line of constant Mach number corresponding to the ratio of the total
nozzle pressure to the ambient pressure. Two or more plots are presented for
some pressure ratios to clarify detalls near the nozzle exit. The internal-
shock location is omitted in all figures; however, the location may easily be
approximated as a line formed by the intersections of the constant Mach number
contour lines originating at the nozzle center line with the contours which are
essentlially parallel to the jet boundary. Also, any contour which can be
traced from the nozzle-exit plane to the plume center line for a given pressure
ratio is not influenced by a further increase in pj/pw. Therefore, to elimi-

nate congestion in the mapping at the higher pressure ratios some of the low
Mach number contours have not been presented.

In planes perpendicular to the nozzle center line, local Mach number
values increase continually with increases in radial distance out to the loca-
tion of the intermal shock, where a sharp Mach number decrease occurs and a
subsequent gradual decrease out to the plume boundary. As stated previously,
the computer program does not make any provision for an entropy gain as the
flow proceeds across the internal shock toward the plume boundary. Thus,



contours of the flow parameters located outside the internal shock would be
expected to be in slight error, particularly at large distances from the nozzle
exit. Also, if the methods of references 12 to 1k indicate the occurrence of a
normal shock before the maximum boundary diameter!(is reached, the internal map-
ping contours shown downstream of the normsl-shock location should be

disregarded.
Density and temperature distributions within the plume.- Since both den-

sity and temperature are functions of the ratio of the specific heats of the
gas 7 and of Mach number, the lines of constant Mach number shown in fig-
ures 8 to 10 may also be considered as lines of constant density and tempera-
ture. The conversion from Mach number to density and temperatures 1in ratio
form may be easily accomplished by using table II (obtained through use of

ref. 16). Typical curves showing the variation of density with radial distance

from the axis r/rj are presented in figure 11 at speclfic distances down-

stream of the nozzle exit. (The curves are for nozzle IIL.) The symbols on the
curves indicate the boundary values at the stated pressure ratios. The density
is noted to decrease continually from the axis out to the internal shock loca-
tion where an abrupt increase occurs, followed by a more gradual increase out
to the boundary. At a given station downstream of the nozzle exit the internal
shock moves away from the center line as the pressure ratio is increased. Also,
the density contours (same as Mach number contours) which are bounded by the
internal shock for one ratio of nozzle-exit pressure to ambient pressure are
not influenced by further pressure ratio increases. Therefore, density values
bounded by the internal shock at one pressure ratio are merely repeated for a
higher pressure ratio, which accounts for the smooth portion of the curves in

figure 11.

Typlcal variations of temperature ratio within exhaust plumes are pre-
sented in figure 12. (Again values for nozzle II are used.) The temperature
variations at constant distances downstream of the nozzle exit are very similar
to the density profiles of figure 11.

Exhaust interference with communication signals.- The occurrence of radio-
frequency signal attenuation has been experienced during various missile
launchings. One such vehicle is the Scout which experiences attenustion during
the final portion of the second-stage burning period as reported in refer-
ences 3 to 6. The signal attenuation usually began when the vehicle had
attained an altitude of approximately 180.0 X 103 feet (pJ/Rmta 67#). The sig-

nals were recelved by two different stations; the firing-range statlion experi-
enced a large amount of attenuation whereas the other station experienced a
signal enhancement. (Further discussion of signal attenuation and enhancement
may be found in ref. 6.) Since the nozzle of the Scout second stage is com-
parable to the nozzle II configuration reported herein, a comparison of plume
slze with the beginning of signal attenuation yields some significant informa-
tilon. The actual Scout vehlcle experiences effects from the free-stream flow
whereas nozzle II 1s exhausting into quiescent air. For convenience, figure 2
includes notations of the burning and attenuation period relative to the Scout
second stage. The firing-range station signal "look" path for an aspect angle
of approximately 10° (ref. 6), superimposed on the curves of figures 5(d)

and 9, shows that the path does pass through the plume at Pj/Rm = 1.0 X 103
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(altitude ~ 190.0 X 10° £t). If values from figure 6(b) at by P = 680

(altitude = 180.0 X 103 ft) are used, it can be seen that the "look" path is
Just beginning to pass through the exhaust plume. The onset of attenuation
therefore appears to correspond to the time that the signal "look"” path is
intercepted by the theoretical exhaust plume. This suggests that the onset of
attenuation may be predicted by theoretical data obtained for quiescent air
conditions.

Analysis of Exhaust Effects on a Typical Spacecraft

A comparison of the results from a brief study of exhaust-plume effects on
a typical spacecraft made in conjunction with the analytical calculations per-
formed in this investigation suggests several possible problem areas which war-
rant consideration. The magnitude of these problems is such that additional
experimental work may be required. Figure 13 shows a typlcal spacecraft and
indicates the location of two of the three vernier engines in relation to a
retro-rocket nozzle with attached jettisonable altitude marking antenna.
Exhaust-plume boundaries, including the approximate boundary for outer-space
operation, are shown for the vernier engines (nozzle I) at four pressure
ratios. An estimated normal shock produced by impingement of the exhaust Jjet
on the retro-rocket nozzle is also indicated. One area of prime concern is the
heating problem produced by jet impingement on the nozzle. The estimated nor-
mal shock adjacent to the retro-rocket nozzle is shown again in figure 14
together with the line of intersection of the three vernier exhaust Jets
beneath the nozzle and a turbulent dead-gas region of high temperature beneath
the radar antenna. TImpingement of the vernier exhaust plumes on the retro-
rocket nozzle will probably result in a region behind the normal shock of rela-
tively high pressure and temperature. The possibility of a midcourse maneuver
lasting several minutes may therefore subject the retro-rocket nozzle and
antenna to high-temperature flow and overheating. Reference 17 indicates that
for a particular spacecraft the allowable temperature variation for satisfac-
tory operation of the various components is relatively small.

Additional problem areas are indicated in figure 15 in terms of the pos-
sible intersection of the vernier exhaust jet with a radar antenna and the
landing pads. Here again, the impingements may produce shocks which will
result in high local gas temperatures. At an angle of about 800, each occur-~
rence of Jjet impingement with equipment or structure and the resultant complex
shock of the system increases the amount of backflow of the exhaust gases. In
this instance the blocked-base area is about 95 percent, as shown in figure 16;
however, this blockage may not always occur in a single plane. With this situ-
ation the backflow of hot exhaust gases will follow a circuitous route and will
come in contact with various pieces of equipment including the aluminum support
structure and the fuel and oxidizer tanks.

Finally, the possibility of radar antennas located near the zones of
intersection of the jet exhaust boundaries may be another area of concern.
(See fig. 17.) The intersection of these boundaries will result in consider-
able molecular bombardment and the creation of a zone of high temperature and,



consequently, of high ionization. Much uncertainty exists as to the magnitude
of the signal attenuation expected for plume interactions such as this. (See

ref. 18.)

CONCLUDING REMARKS

Internal characteristics of exhaust plumes have been computed out to the
plume maximum diameter for three different nozzles at ratios of nozzle-exit
pressure to ambient pressure ranging from 10 to 2.38 X 10°. Exhaust plume
boundaries are shown for several pressure ratios and figures are presented that
allow the size and shape of the exhaust plumes to be determined at intermediate
pressure ratios. Internal contours of constant Mach number are shown for sev-
eral pressure ratlos from which density and temperature within the exhaust
plume may be obtained. It was noted that the plume internal Mach number (also
density and temperature) at points within the internal shock for one ratio of
nozzle-exit pressure to ambient pressure was not influenced by a further
increase in pressure ratio.

A brief study of the exhaust-plume effects on a typical spacecraft has led
to the conclusion that several problem areas can exist which may require fur-
ther consideration.

Langley Research Center,
National Aeronasutics and Space Administration,
Langley Station, Hampton, Va., November 3, 1964.
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APPENDIX

COMPUTER PROGRAM

The method-of-characteristics computer program of reference 1 yields
boundary coordinates and several additional internal-flow parameters, one of
which is the local Mach number. Plots of constant Mach number contours within
the exhaust plumes are desired; however, in order to obtain these plots, it is
necessary to interpolate between consecutive points in the characteristic net.
For this reason a program has been set up to have the interpolation performed
by a computer which yields output cards that are used directly in machine
plotting of Mach number contours. The program obtains the point values by
second-order interpolation of the program-output tape of reference 1.

The only input required for the interpolation program is the coordinate-
scale ranges for the plot and the Mach numbers for which contour lines are
desired. The coordinate ranges and Mach numbers are selected from the output
listing of the characteristic program of reference 1. Care should be taken in
the selection of the Mach numbers so as not to have the constant Mach number
lines too dense near the nozzle exit; figure 10(b) is an example of dense Mach
number lines. The results of the machine plotting are presented in figures 8
to 10.

The interpolating program for an IBM 7090 electronic data processing sys-
tem, written in FORTRAN II language, is reproduced in the following pages.

11
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READS TAPE WRITTEN BY P-S430+
INTERPRETS FOR SPECIFIC MACH NUMBERS IN THE NETWORK.
PUNCHES CARDS FOR MACHINE PLOTTING

INPUT FOR A CASE

1ST CARD [IDENTIFICATIONs COL.1-80
2ND CARD ID FOR CARD OUTPUTs COL41-6
3RD CARD MACH NOss COLe1=7
INCREMENT FOR MACH NOes COLo8-14
X SCALE FACTOR (CANT BE 0)s COL+15-21
Y SCALE FACTOR (CANT BE 0)s+ COL.22~-28
SET X ORIGINs COL+29-35
SET Y ORIGINs COL+36-42
SQUARED ACCEPTABLE DISTANCE BETWEEN POINTSs COL43-49
LIMITS SIZE OF Xe COLe50-56
LIMITS SIZE OF Ye COLeS7-63
ATH CARD NOe OF INCREMENTED MACH NOSs TO BE USEDe¢ COLel-4
=1 INITIAL RUN (COMPUTES NB AND PICKS BND PTS) OR
=2 PICKUP (EXPECTS NB VALUE AND IGNORES BND PTS)COL%-8
=0 INITIAL RUN OR
sNB VALUE (NO« XsY COORDINATES FOR BND PTS)e COL+9-12
=0 EXIT AFTER THIS CASE OR
=1 READ MORE INPUTs COL.13~16

DIMENSION FILE(10+1000)+BPTS(2000)+8P (2000}
IXYPTS(4000) XY (4000)+CASID(14)
COMMON FILE

COM TO OPER

PRINT 1
FORMAT (38HOGIVEN TAPE ON BSe SAVE BSe START. CBC)
PAUSE
REWIND 9
WRITE OUTRPUT TAPE 6¢2
20FORMAT (18H]1CHARLOTTE CRAIDON/
11H1//7/28BHOSETUP FOR PLOTTING P-5431/77)
1F DIVIDE CHECK 343

-

INPUT AND RETURN FOR NEW CASE
3 READ INPUT TAPE S+4+CASIDRUNFINDVFINCR¢XSCAL .
1YSCAL +XMINsYMINIOTEST+XBIGYRIG
2N IND «NBND +NB 1 NCASE
4 FORMAT (13A61A2/A8/9F7+0/414)
SET J FOR MACH
J=9
PRINT CASE 1D

WRITE OUTPUT TAPE 6¢104+CASID
FORMAT (IH +13A6+A2//7)

ow

USE OR IGNORE BOUNDARY PTS

1

-

IF (NBND-2) 12354320
BOUNDARY POINT SECTION

12 NSiG=]
LTST=1

RETURN FOR NEW FILE
13 CALL XTPRD(NUSENSIG)
TEST FOR MORE FILES

14 JF(NSIG)9A0+20+18

13 N=NUSE
NB=NB+2
BPTS(NB-1)=FILE(BeN)

SET Y+
«
BPTS(NBISABSF(FILE(T«N))
16 GO TO(17418)+LTST
17 LTST=2
GO TO 13

TEST FOR ABS Y DECREASING

18 IF (BPTSI(NB)I-BPTSINSB-2)) 20413413
20 REWIND 9
NBND=2

SETUP FOR PLOT

PUNCH OFFSET CARD
WRITE OUTPUT TAPE 7:22,RUN
22 FORMAT (6HSSSSSNIOSX2HO 46X2HO o 1 X H-42X
., 134HGBLSA1 OFFST. 1A61
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APPENDIX

PRINT HEADINGS

WRITE OUTPUT TAPE &+23.N8.RUN
FORMAT (23HOBOUNDARY POINTS NB=1S,4XeA6/7
17XAHPLOTI 4XAHREAL /74X HXTXIHYBX I HXIXIHY/Z/Z/ )

SCALE AND SET 0 PTe. FOR BOUNDARY

DO 24 [=1,N8.2
BR{1)=BPTS(])#XSCAL-XMIN
BP{I+1)1=BPTS{1+1)*YSCAL~YMIN
CONTINUE

PUNCH AND PRINT

BPX=8BP (1)
Bpys=BP(2)

OMIT POINT IFf OUTSIDE RANGE

IF{XBIG-BPX) 245,240.240

IF{YBIG-BPY) 245.242.:242

WRITE OUTPUT TAPE 7:28.8PX+BPY«BPTS(11BPTS(2) RUN
WRITE OUTPUT TAPE 6:29:BPX¢BPYBPTS(1}1:BPTS(2)

DO 30 1=3.NB.2

CHECK DISTANCE BETWEEN POINTS

D2= (BPX-BP (1)) #R2+(8PY-BP(1+]))##2
IF(D2-DTEST130425+25

BPX=B8P(1)

BRY=BP(1+1)

OMIT POINTS IF OUTSIDE RANGE

IF (XBIG-BPX) 30«26+26

IF (YBIG-BPY) 30.27.27

WRITE OUTPUT TAPE 7+28:8PX+8PY8PTS(1)1+8PTS(I+1)+RUN
FORMAT (6HSSSSSN12FBe0+2F 102 424X | 4HCBCS431 BND  «AS)
WRITE QUTPUT TAPE 6429+BPX«BPY+BPTS(]}eBRTS(I+1)
FORMAT (2FBe042F1042)

CONT INUE

WRITE OUTPUT TAPE &.33

MORMAT (1HL)

SEARCH ANO [INTERPOLATION SECTION

FlveF{NOY
b it
RETURN FOR INCREMENTED VARIABLE

NS1Gm=1
IGN=NB
NXY=O

NXY COUNTS COORDINATES

RETURN FOR NEW FILE
CALL XTPRD(NUSENSIG)
TEST FOR MORE FILES

IF (NSI1G1930:84.47
1GN= I GN-2
IF(IGN)A8+:50+30
N=NUSE

GO TO 31

N=NUSE+1

IF (N-998)52:63.45

SEARCH FILE
SET Y+

DO 63 I=N+997

IF(FILE(Je 1)1~F1V)S3¢53:60
IF(FIV-FILE(Js1+1))58:54+:60
IF(FILE(Jel1+1)}-FILE(J+1+2)155:53.60
IF(FILE(JeI42)~FILE(Je]143))56:556.88

NXYuNXY+2

XYPTS(NXY=~1)1=TERP2 (FIVeFILE(JoI)FILEJTI+Id0

IFILE (Ve I4+21eFILE(B 1) FILE(BeI+1 ) FILE(B.142))

XYPTS (NXY)=ABSF (TERP2 (FIVFILE(JsI}sFILE(JeI+1)0
IFILE(J e 142) e FILE( T« IV aFTLE(T o141 )R ILE(To142)))
GO TO 63

IFLT~(N+1))63:59.:39

NXY=NXY+2

XYPTSINXY=1)eTERP2 (FIVeFILE(JeI~1)eFILE(JIT)
IFILE(Je 141 ) eFILE(BeI=1)¢FILE(Bs1)FILE(B:141))
MYPTS INXY ) =ABSF (TERPZ2 (FIVeFILE(JoI=1)eFILE(IeT)
TFILE(J o I+1 JoFILE( T4 =1 )+ FILE(T 1) +FILECT 4 141)))
GO TO 63

IF(FILE(JeI+1)=-F1IV)&61461¢63
IFI(FIV-FILE(Je¢1))56+56+63

CONT INVE

TEST FOR LAST 3 PTS OR ONMLY 3 PTS

13
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65 tFiFiLEl)i998)=FIVidei66is8

66 IF(FIV-FILE(Je999))167467+70

67 IF(FILE(J+999)=FILE(J+1000))75+75+70

68 [F(FIV-FILE(J¢999))70:70:69

69 IF(FILE(Js999)=FILE(Js1000)) 707075

70 IF(FILE(J+998)=FILE(J4999))714¢72473

71 IF(FILE(J+999)-FIV)72+72+45%

72 IF(FIV-FILE(J+1000))175+75:45

73 IF(FILE(J4999)=F1V)a5:45:74

74 IF(FIV=-FILE(J+1000))45:45:75

TS NXY=NXY+2

78 XYPTSINXY=13)}2TERPZ2 (FIVFILE(J1998) FILE(J999)
1IFILE(Je1000)+FILE(B4998) +FILE(B8+999) FILE(8+1000))
XYPTS (NXY)=sABSF (TERP2 (FIVsFILE(J+F98)+FILE(JI+999)
IFILE(Jv1000) oFILE(74998)+sFILE(T+999)FILE(7+1000}))

READ ANOTHER FILE

80 GO TO 4S5
84 IF (NXY)1920+105.8%5

PRINT HEADINGS

8% WRITE OQUTPUT TAPE 6486 «FIVIRUN
86 FORMAT (1SHOMACH NUMBER = +F6e24aX0AS//
17X4HPLOT 1 4X4HREAL /74X HXTX 1 HYBXIHXIXIHY///)

SCALE AND SET 0 PTe

DO 87 1=1.NXYe2

XY (1)=XYPTS(])#XSCAL-XMIN

XY (I+13=XYPTS(1+]1 )2 YSCAL~YMIN
87 CONTINUE

PUNCH AND PRINT

XSAV=EXY{])
YSAV=XY (2}

OMIT POINT IF OUTSIDE RANGE

IF (XBIG-XSAV) 9088488

88 IF(YBIG-YSAV) 90:89.89

89 WRITE QUTPUT TAPE 7+98¢XSAV.YSAVeXYRPTS(1)}eXYPTS(2)+FIVeRUN
WRITE QUTPUT TAPE 6:199¢XSAV.YSAVXYPTS(1)+XYPTS(2)

90 IF(NXY~2)920+101+51

91 DO 100 I=3+NXYe2

CHECK DISTANCE BETWEEN POINTS

D2® (XSAV=XY (1 1) ¥#24+ {YSAV-XY(1+1)) #82
1P (D2=DTEST 100492492

92 XSAVaXY(l})
YSAVEXY (1+1)

OMIT POINTS IF OUTSIDE RANGE

IF (XB1G-XSAV) 100:94¢94
o8 IF (YBIG=YSAV) 10049797
97 WRITE QUTPUT TAPE 74+98:XSAVIYSAVeXYPTS(I)eXYPTS(I+1)¢FIVIRUN
98 FORMAT (SHSSSSSNI2FBe0+12F1042+124XTHCBCS431 «F6e241X0AS)
WRITE OUTPUT TAPE 6+99+XSAVsYSAVaXYPTS{1)eXYPTS(I+1)
99 FORMAT (2F8+0+2F1042)
100 CONTINUE
101 WRITE OUTPUT TAPE 633

TEST FOR VARIABLE INCREMENT

105 IF(NIND)>107+107+106
106 NIND=NIND-1
Flv=FIV+FINCR
GO TO 40

EXIT TESY

107 IF(NCASE)108+108,3
108 REWIND 9

END FILE 7

CALL EXIT

ERR RETURN

920 REWIND 9
END FILE 7
WRITE OUTPUT TAPE 6.921

921 FORMAT t14HOPROGRAM ERROR/1H] )
CALL DumP

REDUNDANCY CHECK RETURN

930 WRITE OUTPUT TAPE 6,931
931 FORMAT (A3HOREDUNDANCY CHECK AFTER 10 ATTEMPTS TO READ/IH1)
REWIND 9
END FILE 7
CALL EXIT
END




APPENDTX

c SECOND ORDER INTERPOLATION
c
c
FUNCTION TERP2(X+XOeX1eX24FOF1eF2}
1 F1i=(FO*(X1~X)—F1#(X0-X))/(X1=-X0}
2 F21= (FO#(X2~X)~F2#(X0~X})/ (X2-X0}
3 TERP2m (F11#(X2-X)-F21%(X1~X)3/(X2=X1)
1IFDIVIDECHECKG6+8
6 WRITE OUTPUT TAPEG67
7 FORMAT (30HODIVIDE CHECK IN INTERPs SUBRe/1H1)
CALL OUMP
8 RETURN
END
. FAP
COUNT =%
[ XTPRD e X
ENTRY  XTPRD
*
® XTPRD (Ns+NS1G) SUBRe TO READ A FILE ON B85 FOR P-5431
L] N = BEGINNING RECORD FOR FORTRAN PROGRAM
. NS1G = — REDUNDANCY CHECK AFTER 10 TRIES
L] = 0 END OF TAPE
* = + MORE FILES TO BE READ
*
XTPRD CLA 148
STA ANS
cLa 2.4
STA ouT+1
STA REDUN+3
SXA ACt
SXA ACH+142
sxA AC+244
AXT 1001
N TEF8 *+1 EOF LIGHT OFF
RTBB -]
RCHB 10
TCOB .
TEFS ouT EOF +END TAPE
RTE8 s
RCHB 101
Tcos .
TRCB REDUN
SCHB SADD
CcLA BADD
ANA MASK
sus X1
cHS
ADD LFILE
LRS as
ove FX10
XCA
ADD FX1
ALS 18
ANS  STO 23
ac AXT LT}
axT w2
AXT L2 X
TRA 3.4
10 10C0D FILE-9999,0410
101 10CD FILE-9989,0+¢9991
REDUN BSF8 s
TEX INele]
&4 MA K|
870 e
TRA AC
ouT REWB s
s72Z =
TRA AC
LFILE PZE FILE
BADD B8SS 1
FX1  DEC 1
FX10 DEC 10
MASK OCT rrrTY
MASK1 OCT 400001000000
FILE COMMON 10000
END

15
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TABLE I.- NOZZLE EXIT GEOMETRY AND OPERATING CONDITIONS FOR CALCULATIONS

Nozzle I Nozzle II Nozzle III

(circular arc) (conical) (conical)

. 5.35 3.4 3.39
L 0 20.66 19.5
Y e e e e e e e e e e 1.24 1.15 1.18
Py, psia . . . . . . . . .. T0 to 240 520 500
Py, mHg . ... ... 1.65 to 5.6k 219.8 2L6
Ty lne . 2.545 19.25 0.415
9.88 15 15

Values of Dy/p, used 31.9 100 | 2.38 x 102
for theoretical 188.1 500 2.38 x 107
calculations . - « .« . . . 1.359 X 103 | 1.0 x 163 | 2.38 x 10*
5.410 x 103 | 3.0 x 103 | 2.38 x 105

135.756 x 103 | 5.0 x 103 | 2.38 x 100

_ 120.700 X 103 | 7.0 X 107 | ==--cee-u-

18



M s
Pt
5.35|0.20L7

6.0 .Shhkg

6.5 | .5h5k

7.0 .3236

7.5 .1970

8.0 .1229

8.5 . 7835

9.0 .

9.5 3382
10.0 .2283
10.5 1567
11.0 .1091
11.5 L7709
12.0 5518
12.5 .3998
13.0 .2929
13.5 2170
k.o .1623
145 .1226
15.0 | .9336
16.5 b330
17.0 3401
17.5 2689
18.0 .2139
18.5 172
19.0 .1578
20.0 L9068
20.5 .T419
21.0 6087
21.5 .5025
22.0 Jhsg
22.5 3462
23.0 .2889
23.5 L2423
2k.0 L2037
2h.5 L1721
25.0 L1456
25.5 .1238
26.0 .1055
26.5 L9021
27.0 7729
27.5 L6648
28.0 5727
28.5 Jhgs2
29.0 4288
29.5 3726
30.0 3241

Nozzle I,

[ﬁumhera to right of tabulated values indicete power of 10 by which the number should be mmltiplied]

=1
-1
-1
-1
-1
-1
-1
-1
-1
-1

T8 -1

-1
-1
-1
-1
-1
-1
-1

56 -1

3
-1

-1
=1

-1
-1

-1
-1
-1
-1
-1
-1
-1
-1
-1
-2
-2
-2

y = 1.24
M £ T
Py Ty
30.5 0.2829 -8 |0.8879
31.5 L2167 8 | .83%29
32.0 .1g902 B | .B0T2
32.5 .67k -8 | .7828
33.5 1303 -8 | .37
34.0 Q152 -8 ) .T57
34.5 -9992 -9 | .6953
35.5 L8061 9 | .6569
36.0 CTATT -9 | 6389
36.5 6405 9 | .6216
37.5 5120 -9 | .589L
38.0 4586 -9 | .3738
Jet boundary

7.018 | 0.3178 -3 [0.1h4b7
7.995 | 1235 -3 | .115h4
9.67 2954 b | .8183
11.875 | .5992 -5 | .5580
15.667 | 1967 -5 | .heqa
15.014 | .9267 -6 | .3565
18.643 | .1608 -6 | .2341

-1

-1
-1
-1

TABLE II.- GAS FLOW TABLES

0.

0.
.2166

Noz.
M P
Py
3.4 [0.1529 -1
4.0 .521k -2
4.5 2116 -2
5.0 -8758 -3
5.25 .5689 -3
5.5 3722 -3
5.75 2453 -3
6.0 1629 -3
6.25 L1090 -3
6.5 L7356 b
6.75 .500L -k
7.0 .3ho6 b
7.25 L2365 -4
7.5 L1645 -4
7.75 | -1153 -4
8.0 8137 -5
8.25 5784 -5
8.5 Jb1ko -5
8.75 2983 -5
9.0 2163 -5
9.25 1579 -5
9.5 L1160 -5
9.75 .8567 -6
10.0 6366 -6
10.25 A58 -6
10.95 3574 -6
10.75 2700 -6
11.0 2050 -6
11.25 L1564 -6
11.5 .1199 -6
11.75 9237 -7
12.0 k7 -7
Jet boundary
5.677 10.2769 -
6.544 [ .6869 h
6.9hk 5727 -b
7.907 | .925% -5

zle IT, 7 =11.15

z
Ty

5342

Lh5hs

1758

-1
-1
-1

-1

=

\

NN N0

[}

HREPRER R
PNEHEPFOOOOWVVVVEPEPINN NN & & & 5w
g

CHUNOIVNOAUNOTU N O AU O

12

\Ji

o

=
N
R O:j\ﬂ =3¢

)

[

0.1935 -1
.okl -2
.k687 -2
3137 -2
2113 -2
L1433 -2

Nozzle III,

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

-1
-1
-1

7 =1.18 fj;

0.18%0 -3
L2612 -k
.3663 -5
.5281 -6
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Nozzle I
M., = 5.35
g y = 1,24
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‘ Nozzle II
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b
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Figure l.- Sketches of nozzles having operating conditions that dictated the theoretical
computations reported herein. All dimensions are in inches.
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(c) Nozzle III.

Figure 6.- Concluded.
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